; been used to study the magnetic and elec- 
1 state of For and Po2?, For Po the conventional 
ic. dipole and electric quadrupole interaction constants 


fa eS 
fe has been introduced which has enabled the observation of 

on whicl ‘measured with the ordinary “flop-in’” technique. In this way 
able to compute, besides the magnetic dipole and the electric quadrupole interac- 
, also the magnetic octupole interaction constant as well as the signs of these 
od order perturbation energy of the non-central interaction Hamiltonian has 
consideration. = 


with those obtained from the single-particle model. 


4 ae 


eS I. Introduction 

The present work represents an extension of the measurements of the nuclear 
ins of some polonium isotopes, recently performed at Uppsala [1], to the study 
the hyperfine structure of Po? and Po’. Since both of these isotopes have 
the spin value 5/2, and since the atomic ground-state J-value of polonium is 2, 
ere are magnetic dipole, electric quadrupole, and magnetic octupole interactions. 
1e corresponding interaction constants may be calculated if at least three of 
the four hfs separations are measured. 

_ Atomic-beam magnetic resonance investigations of radioactive atoms are most 
frequently accomplished with the so-called “flop-in’ method. This means that 
only those atoms which have undergone transitions are detected and therefore, 
‘as the signal-to-background ratio is higher than in a “flop-out”’ arrangement, 
comparatively few atoms are used in an experiment. However, this method only 
enables the measurement of two hfs separations in the polonium isotopes studied, 
and therefore we have introduced a double resonance technique which has made 
it possible to measure another hfs separation and also to establish the signs of 
‘the interaction constants. As. a double resonance experiment is quite time-con- 
‘suming, it is difficult to perform with short-lived isotopes, and has only been 
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used with Po2?, For Po2% less exact values of the magnetic dipole and electric 
quadrupole interaction constants have been obtained from a study of the AF = 


transitions. Pah. 

Optical measurements have given the degree of intermediate coupling in polo- 
nium, and on the basis of these data we have been able to calculate the nuclear 
moments from the interaction constants. The moments have been compared with 


theoretically estimated values. 


II. Theory 
ian Hyperfine structure 


Schwartz [2] has given a systematic review of the hyperfine structure inter- 
action in atoms. The non-central interaction Hamiltonian is expanded in the form 
of tensor products: 


Hy = DTP TY. (1) 


T and TY are tensors of rank k operating in the space of electronic and 
nuclear coordinates, respectively. The rank corresponds to the order of multipole 
interaction. For the calculations we need the matrix elements (diagonal in Ff and m): 


(LF Bm| 4, |y' I'S’ Pm) => (yL I Fm| Te? - Tey’ TJ’ Fm) 


EN Y Sig Hs in re wr 77? 
= S(T AS TIDY’ Ta" TDP yD, @) 


where y represents other quantum numbers necessary to specify the state. Excited 
nuclear states are not taken into account and therefore y’’=y’, J=J’. 

The diagonal element of #, represents the first-order energy, which is usually 
written: 


Wr=>AxgM (LJ; F; bk), (3) 
kK 
with the normalization 
M (LJ; 1+J;k)=1. (4) 
Defining 
2J)! 
CT») = (IIIT || Jp, (5) 


V(27—k)! (QJ +k+1)! 


A, becomes 
ck k 
A, - <Te ny Th No (6) 


The interaction constants A, (independent of F) are related to the frequently 
used constants a, b, and c: 


A,=IJa, A,=6/4, <A,=c. (7) 
The M’s corresponding to k=1, 2,3 are: 
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* va 
eT, an 
‘ee CY 


xited state and the ground state 
ond order energy, ’ 


Sit a all : 
WE = ag lI FTO Th ly 7 Fy, (10) 


~ 


ere m is omitted since the matrix elements are independent of m. As the 
pole interaction is several orders of magnitude smaller than the dipole and 
drupole interactions, the summation is made for k=1 and k=2. The small 
es of WY obtained justify a non-relativistic treatment which is easily done 
‘in the LS-coupling scheme. Trees [3] has given the operators: 


& TY => 1? —Vi10(s CP], (11) 
= Jie ae — (77°) 2 (C®). . (12) 


ea 


3 All that we have to calculate is the reduced matrix elements: 
<p J ||TE lly’ J, (13) 


and the six-j symbols in eq. (2). By means of the measured values of A, and 
eqs. (5, 6) the reduced matrix elements of T® are eliminated, and we can get the 
-non-diagonal elements of HH, needed in eq. (10). The formulas needed for the cal- 
culation of (13) are found in standard textbooks [4, 5]. As the electronic con- 
figuration of polonium is p*, the p® configuration wave functions are used in 
the calculations, and the sign of the electric quadrupole operator is thereby changed. 
nc there is a high degree of intermediate coupling, the electronic wave func- 
tions are written as linear combinations, 


i 


4 wi = by pri + bai pri, (14) 
5 

“and the matrix elements (13) become: 

3 

: <yil| Te? ll y> SA baby <pull Te? llpu> (15) 
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n different electronic 


| faa 


b aye Ba ig, in pling i 
ene we can express the wave fanctions in “intermediate coup! h | 
noted by | as: de | 


pe 1D3= bus !Da + bas l Oo debt ate ? — e 

: 20 Saal 

SP, = Dg Dates Ee, wot ae 
*P, = "Py, " ag 


*So=bi1 So + ba1*Po, 
ere = biz So + ba2*Po, 
where 'D,.etc. means the corresponding wave function. 


Coden and Shortley [8] have given the energy matrices in the ES-couplin 
scheme (with *P, as reference): ; 


piace Nia yet 
J=2— ? 
y2 
= > = "i 
(17) 
ig. F— : y2e 
£1 5-6 = a ; 
V2 2 
The energy eigenvalues (A;) are 
"Ds 3 3 
ap, (3 F.— iC LV OFE+ EPC +R, 
ly’ . 
3p, |r iV BAER CHE, 
: ' 
and the coefficients b,, are: 
| 
Ax Sl! 7 a 
ix = tb, = Nn , 
V (Az = yg)” + Ay,” V (Ai — gg)” + yy a 


Here a; are the matrix elements of (17). 
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nuclear ee ani calculated nae the measured values of the inter- 
taney pean ani Wills nee derived the following formula for the 


mera SEs Tate £3 (3a’ +a’) + V20,c,0'”"I, (22) 
| ae 
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1p is the Bohr magneton, g;= — ;/I we, and F’, F’’, and G relativistic corrections 
bulated by Kopfermann [10]. 
The value <7~*),, can be obtained from the spin-orbit interaction constant [11]: 


. 4n€ 
TT 5 ae (24) 
zs war Ca 2u,H,Z us 


‘H, is a relativistic correction [10] and Z, is the “‘effective’ nuclear charge. For 
p-electrons, Barnes and Smith [12] have given the value Z,=Z—n=78 for 


polonium. 

The electric gudrapo'ey moment, Q, is related to the quadrupole interaction 
constant by pee 

2 


e | 3.cos” 6; — 1\ (25) 


Ag ae ; 
; 4-48, * \4 r WI 
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ion i 1 ti ; e is taker 
where the summation is performed over all electrons and the average. 48, takes 
in the state m,=J. Following the method described by Schiiler and Schmidt [11 
we obtain: 
29,-1 2 , x 
(pBeoe Bod) MEER 0104-2128) a (26 
4 
where the relativistic correction factors R’ and S are tabulated in reference [10]. 
Since the magnetic octupole interaction constant for a single ps3)2 electron 
A, (p32), has been calculated by Schwartz [2], we have derived an expression foy 
the relation between A, and A, (ps3j2): 


| 
A,=(—2¢) +63) As (3/2), (27) 
-16 ee | 
A, (a2) = go's gq Ope BT De (28) 


B 
a 


where Q is the nuclear magnetic octupole moment, and 7' a relativistic correction 

giver by Casimir [13]. , eee c. 
Eq. (27) was obtained from (5) and (6) by expanding <J||T || J> in <i||Re lla>, 

which is easily done without knowledge of the explicit expression for TS? [5]. — 


III. Experimental Procedure 
A. General 


The six-pole focusing atomic-beam apparatus used in these experiments has 
been described earlier [14] and is the same as was used for the spin measure- 
ments [1]. The production and detection of an atomic beam of polonium was 
also described in reference [1]. 

The effect of an external magnetic field on the electronic and nuclear moments 
is expressed by the Hamiltonian: 


H, =9) eI > B+g;ug1-B, (29) 


where g;= —;/J ug. The energy levels can be obtained from diagonalization of 
the total Hamiltonian H=H,+H,. To surmount the complex computational 
problems, a routine has been set up for the IBM 650 computer. This diagonal- 
izes the submatrix for a given m-value containing the elements of the magnetic 
dipole and electric quadrupole interactions, and the first term in eq. (29). The 
magnetic octupole interaction, the g;-term, and the non-diagonal elements of 74, 
are then considered as corrections to the computed energies. 

A schematic Breit-Rabi diagram for Po°? (J =8, J=2) is given in Fig. 1. It is 
also valid for Po if the sign of the magnetic dipole interaction constant A; 
is positive as for Po2°’, In the atomic beam apparatus used, only atoms which 
have a negative “effective magnetic moment in the A-magnet and a positive 
“effective” magnetic moment in the B-magnet reach the detector. With the 
oscillatory radio frequency field perpendicular to the static magnetic field the 
selection rules are AF =0, +1,Am=+1. From this we may conclude that we 
can observe the following transitions: 


(F, m) = (9/2, — 3/2) - (7/2, —5/2) and (7/2, — 1/2) 2246/2, —3/2): 


Se MAGNETIC FIELD 


_ Fig. 1. Schematic Breit-Rabi-diagram for the system I = 5/2, J =2 of Po*” (A,>0). 


owever, if an excessive amount of radio frequency power is used, multiple 

uantum transitions (Am>2) can be induced [1]. This means that we can ob- 

ve transitions for which AF =0 (F=9/2 and F=7/2). 

A study of the above mentioned transitions will give the magnetic dipole and 

electric quadrupole interaction constants. The octupole interaction is, however, 
veral orders of magnitude smaller and cannot be determined, unless another 

ransition, for which AF=1, can be observed. Therefore a double resonance 


echnique has -been introduced. 


g 
3 B. Double resonance experiments 
~ In a conventional “flop-in” type atomic-beam apparatus with dipole A- and 
-B-magnets only those transitions are observed which merely change the sign of 
ps effective magnetic moment, i.e. (Mert) 4 = — (Mette) p> (err denotes the strong field 
value). If there are two oscillatory fields (here denoted rf, and rf,) instead of one, 
“a double resonance experiment may be performed. King and Jaccarino [15] have 
“used what they call a “‘flop-out on flop-in”’ method to measure the hfs separations 


mt, 
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Fig. 2. Resonance curve for Po2? in a magnetic Fig. ay Resonance curve for Po? ina 
field corresponding to “gz B/h= 2.095 MHz. (F, field corresponding to Mp B/h = 2.100 
m) = (9/2, — 3/2)«>(7/2, —5]2). m) = (7/2, — 1/2) (5/2, — 3/2). 


for Br” and Br*!. In rf, a transition is induced which gives rise to a signal at 
the detector. In rf, a different frequency produces an additional transition, which 
reduces the amount of refocused ‘‘flopped-in” beam. In the case of Po207 rf, cou 
e.g. induce the transition (7/2, — 1/2) < (5/2, —3/2) and rf, the transition (5/2, — 3/2) 
fat (0) 2, 5/2), oe 

Tn a six-pole focusing atomic-beam apparatus the signal is not very sensitive 
to the magnitude of wer in the B-magnet, and therefore a somewhat different 
double resonance method is used. The field rf, induces a transition on atoms in 
a state with fWer<0 to another state with Mere =0. In rf, some of the atoms 
undergo further transition to a state. with Merp> 0, and a signal is obtained at 
the detector. 

Since the order in which rf, and rf, are applied is essential to obtain a signal, 
a double resonance experiment can be used to determine the sign of A,. If A 
were negative, the energy level diagram would be reversed, and rf, and rf, would 
have to be interchanged. Therefore, when we induce the transition (7/2, 1/2) 
(5/2, —1/2) in rf, and (5/2, —1/2)< (5/2, —3/2) in rf,, a signal at the detector 
implies a positive value of A,. A further check of the sign of the interaction 
constants is obtained from a “‘flop-out on flop-in” experiment. In rf, the transition 
(7/2, — 1/2) (5/2, —3/2) is induced. The obtained signal decreases, when the 
transition (5/2, — 3/2) (5/2, —1/2) is induced in rf,, if rf, and rf, are applied 
in the right order. : 

Since the sign of A, has been established, investigations to determine the 
octupole interaction constant can be performed. For Po2? this means a measure-_ 
ment of the hfs separation between F=5/2 and F=3/2. For that reason we 
induce the transitions (7/2, 1/2) — (5/2, — 1/2) and (5/2, — 1/2) < (3/2, + 1/2) in rf, 
and rf,, respectively. 


a) 
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in 
| experiment were taken into consideration and the error was increased _ 
Pete If the drift was comparable to the line-width, the experiment. 
pea = 
determination of the true resonance frequencies from the polonium lines 
More uncertain. This depends on two facts. The radioactive detection gives 
tistical errors, and it could be difficult to locate the peak of the resonance 
ves exactly. Besides, if the optimum radio frequency power is exceeded the 
may be shifted. Therefore, we usually take the uncertainty of the frequency 
a symmetric line as a quarter of its width. ss 
Since for Po?® only A F=0 transitions were used, we had to examine which 
vels were involved. Several lines could be induced in low magnetic fields, : 
sorresponding to two-, three-, and four-quantum transitions. From the frequency : 
elations between these lines it was possible to conclude which was a two-quantum 
transition. This was then used for further measurements. 


B. Po 
Table of A F =0 transitions. 


v MHz 
Transition VE Mp Blh Vp ule 

Fim, m MHz MHz MHz ,=0 fee Son 

29.581 (5) | 50.061(8) | 31.909(10) | 31.915 (5) —«-31.912 (5) 

60.668 (5) | 89.890(7) | 58.526(10) | 58.539(5) 58.535 (5) 

9/2, —3/2, —7/2 | 99 730 (9) | 129.981 (10) | 86.455 (25) 86.472 (9) 86.465 (9) 

149.138 (5) | 171.983 (5) | 116.988 (15) | 117.014 (4) 117.006 (4) 

29.560(5) | 50.030(8) | 31.510 (7) 31.512 (5) 31.510 (5) 

7/2, —1)2, 5/2 | 60.787(5) | 89.992(7) | 60.920(12) | 60.908 (5) 60.906 (5) 

99.730 (9) | 129.981 (10) | 95.270(25) | 95.277(9) ——-95.272 (9) 


yx is the K3® resonance frequency and Mac is the Po resonance frequency, cal- 
culated from vy and the measured interaction constants (see below). A comparison 
between Yeae and vp, shows that a positive nuclear magnetic moment is more 
probable than a negative one, in agreement with the determined sign of A,. 
From the table below we get Av, the hfs separations. As the non-relativistic 
second order energy calculated from eq. (10) is small (<3 kHz) compared to the 
experimental uncertainties, the relativistic effects are taken into account as an 
increase of the uncertainties with 2 kHz and the corrected hfs separations become: 

z A v9 = 884.785 (13) MHz, 

N72 = 421.950 (8) MHz, 

A 5/2 = 158.567 (12) MHz. 
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Fig. 4. Resonance curve for Po®”? in a mag- Fig. 5. Double quantum 1 


netic field corresponding to“, B/h=8.049MHz in a magnetic field corresponding 
obtained in a double resonance experiment.  =90.005 MHz. (Ff, m)=(9/2, (9 
(BF, m) = (5/2, — 1/2) (3/2, 1/2). : atl RN 
. Table of A F =1 transitions. aan 
Peaaeiiod lace MpBih YP Av | 
F, m, F’, m! - MHz MHz MHz | MHz ff 
i ____—__] 
0.521 (8) 1.039 (16) 885.334 (15) | 884.804 (17) 
O)2; ~ 3/2, 7/2, — 5/2 1.056 (4) 2.095 (8) 885.842 (13) 884.776 (14) 
0.364 (5) 0.726 (10) 422.260 (10) 421.951 (12) 
7/2, — 1/2, 5/2, — 3/2 1.009 (5) 2.003 (10) 422.820 (25) 421.977 (26) 
1.059 (5) 2.100 (10) 422.834 (5) 421.949 (7) 
1.533 (7) 3.034 (14) 157.160 (15) 158.559 (17) 
5/2, — 1/2, 3/2, 1/2 2.090 (5) 4.121 (10) 156.520 (15) 158.563 (16) 
4.136 (7) 8.049 (14) 153.900 (20) 158.580 (22) 


The interaction constants A; are obtained from eqs. (3, 8). 


A, = 697.754 (10) MHz, 
A,= 95.137 (4) MHz, 
A, = — 0.0120 (10) MHz. 


The nuclear moments are calculated from eqs. (22-27) 


(47020 me 
Q =0.28- 10-74 cm?, 
Q=0.11-107"4 nm: cm:?. 


The nuclear magnetic dipole moment is very uncertain, mainly because of pos- 
sible configuration interaction. For Bi2® optical measurements [17] have enabled 
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the determination of a’ and a” which do not at all agree with the values from eq. 
(23). From these values and (22, 23) the magnetic moment of Po?” has been cal- 
culated with the result “,;=1.3 nm. This gives an estimate of the uncertainty of the 
fu-value. Marrus et al. [18] made an estimate of the configuration interaction in 
Am41. However, as they pointed out, lack of knowledge of the parameters involved, 
made the calculations very uncertain, and, in fact, the correction only enhanced the 
discrepancy. Therefore, we have made no efforts to estimate the effect of con- 
figuration interaction in polonium. 
_ The most uncertain parameter in the determination of the electric quadrupole 
‘and magnetic octupole moments is Z;. From [12] we conclude that the uncertainty 
-of Z, is about 10 per cent. The Sternheimer correction [19], which is not known, 
has not been taken into account. The uncertainty in Q, resulting from possible 
configuration interaction which may effect W®, is probably less than 10 per cent, 
and has not been taken into account. 


C>Por 


Table of transitions. 


Transition VE Mp Bl/h Veo 
Fim, m MHz MHz MHz 


17.760 (9) 31.936 (15) 20.213 (10) 
9/2, — 3/2, —7/2 | 29.540 (13) 50.002 (20) 32.010 (10) 
60.768 (19) 90.005 (24 59.075 (15) 


if 17.768 (9) 31.950 (15) | 19.425 (10) 
7/2, —1/2, —5/2| 29.539 (13) | 50.000 (20) 31.330 (10) 
60.729 (24) | 89.960(30) | 60.205 (20) 
ee ee ee 


From the above table we calculate: 
A, = 673.2 (2.2) MHz, 
A, =57.3 (1.2) MHz, 
(41 =0.26 nm), 
Q =0.17- 10-7 em?. 
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Because of the uncertainty of the nuclear dipole moment, A, and A, were 
calculated under the assumption that u;=0. 


V. Discussion 


The numbers of protons and neutrons in the studied polonium isotopes are near 
the magic numbers 82 and 126. Therefore the nuclear shell model is probably an 
good approximation. The spin-values [1] are consistent with the following ground 
state configurations: : 

Po: (thoj2)> (v P12) > (» faa) | 
Po: (at ho2)” (¥ Pry)” ( foj2) > b 


~ 


The calculated values of the magnetic dipole moments are so uncertain that 
a comparison with theory is useless. It was hoped that a study of the AF =0 
transitions in Po?’ would give the dipole moment, but unfortunately the precision 
of our measurements was not high enough. Efforts were made to observe resonances 
in stronger magnetic fields, but the available radio frequency power was too low. 
From our data it is clear, however, that the necessary precision is within reach 
mainly because of the fact that all interactions except that of the nuclear mag- 
netic dipole moment with an-external magnetic field, are well known. 

In a review article by Blin-Stoyle the nuclear moments associated with dif- 
ferent nuclear models are discussed [20]. The extreme single-particle value of the 
electric quadrupole moments of Po” and Po?” is about —0.0004-10~2* em?, 
several orders of magnitude lower than the observed values. These can, however, 
be explained on basis of the individual particle model. An odd-neutron nucleus 
with protons outside closed shells is expected to have an appreciable electric 
quadrupole moment. On the other hand a half-filled shell like (yf52)~> in Po?® 
should have no quadrupole moment. This may explain the difference between 
the quadrupole moments of Po2% and Po207, 

The measured octupole moment of Po? is compared with the extreme single- 
particle value. This is 0.20 -10~™* nm - em?, about twice the measured value. However, 
in the same way as magnetic dipole moments deviate from the Schmidt lines, 
octupole moments tend to deviate from the single-particle lines. 


ACKNOWLEDGEMENTS 


The authors are greatly indebted to Professor Kai Siegbahn for constant encouragement, and 
to Dr. Ingvar Lindgren for many valuable discussions. Thanks are also due Ingenjér Ake Svan- 
heden and the cyclotron crew at the Gustaf Werner Institute for the innumerable irradiations, 
Ingenjér Lars Smedberg for the chemical separations, and Dipl. Ing. Eugen Ungethiim for his 
assistance. 


This work has been financially supported by the Swedish Atomic Committee. 


Institute of Physics, University of Uppsala, Uppsala, Sweden. 


REFERENCES 


: AXENSTEN, S., and Otsmats, C. M., Arkiv Fysik 19, 461 (1961). 


| 
2. ScHwarRtTz, C., Phys. Rev. 97, 380 (1955) 
3. TrrEs, R. E., Phys. Rev. 92, 308 (1953) 


Tryckt den 24 april 1961 


Uppsala 1961. Almqvist & Wiksells Boktryckeri AB 


481 


